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0 Power delivery circuit with current sensing. 



© A power delivery circuit for supplying load cur- 
rent to a load includes a current switch connected on 
the high potential side of a load. In order to detect a 
current condition, such as an over-current condition 
in the load, a current sensing and detection circuit 
preferably cooperates with the current switch 
wherein such switch comprises a multicellular device 
with a plurality of terminals. Such terminals include a 
first main cunent terminal connected to a source of 
high potential, a second main current terminal con- 
necting a majority of device cells to the load, a first 
N auxiliary terminal connected at one end to a minority 
^of device cells so as to provide a current generally 
proportional to the main device current, and a sec- 
lOond auxiliary terminal connected at one end to a 
majority of device cells. The current detection circuit 
1^ preferably comprises one branch connected be- 
0>tween the first auxiliary terminal and ground and 
M 



including, in serial circuit, a current-to-voltage con- 
verting resistor providing a voltage at one end ap- 
proximately proportional to the main device current 
and a bias signal-controlled transimpedance device, 
and another branch connected between the second 
auxiliary tenminal and ground and providing a bias 
signal for the transimpedance device in the first 
branch. In another embodiment, the first branch in- 
cludes at least two transistors and a resistor serially 
connected between a current sense terminal of the 
MOSFET and a reference potential. The second 
branch also includes at least two serially connected 
transistors connected between a temninal of the 
MOSFET and the reference potential. The transistors 
are cross-connected between branches and provide 
an inverted current mirror and a cunent mirror, Rfth 
and sixth transistors may also be included as part of 
the cun^ent sensing circuit 
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Power Delivery Cii 

Technical Field 

The invention relates generally to current sens- 
ing circuitry and more particularly to current sens- 
ing circuitry in combination witli a current control- 
ling device in a power delivery circuit, especially of 
the high-side switch type. The invention even more 
particularly relates to a current sensing circuit use.- 
ful for detecting over-current conditions in "H"- 
bridge-type power delivery circuits for bidirectional 
motors and in which the current controding devices 
are provided by current sensing semiconductors. 



Background Art 

The advent of solid state power drivers has 
created the need to monitor or to sense load cur- 
rent for device protection and other functions. The 
power delivery circuits for supplying load current to 
a load and which further include current sensing 
capabilities are generally known and are of diverse 
types. In U.S. patent 4,654.568 to Mansmann. there 
is disclosed an H-bridge switch circuit for a load 
such as a motor. More specifically, the various 
switches of the H-bridge are MOSFET semicon- 
ductors, with two of those MOSFETs comprising 
current sensing MOSFETs. In that described em- 
bodiment, the current sensing MOSFETs are con- 
nected in the "low" side of the power delivery 
circuit to the motor. The current sensing MOSFETs 
are multi-cellular devices In which a major current- 
can7lng cellular portion consists of a large number 
of cells connected in parallel for carrying the main 
load current and in which a minor current-carrying 
cellular portion consists of a relatively small num- 
ber of cells substantially in parallel therewith and 
having a separate terminal for carrying a current 
proportional to that load current. That separate ter- 
minal Is termed the "cun-ent sensing" terminal and 
may be useful for developing a signal indicative of 
the major cun-ent carried by the cun*ent sensing 
MOSFET. 

In U.S. 4,654,568, the current conducted via 
the current sensing terminal is developed as a 
voltage level which Is applied to an input of an 
operational amplifier for amplification and subse- 
quent evaluation. The current sensing circuit which 
converts the current carried at the current sensing 
terminal to a corresponding voltage level appears 
in the patent as at least one sensing resistor oper- 
atively connected between the current sensing ter- 
minal and ground. The operational amplifier is con- 
. nected to the current sense terminal and amplifies 
the voltage , developed across that resistor (sense 



it With Current Sensing 

voltage). Sensing current in this manner inherently 
induces en'ors in the ratioing of the majority current 
and the sensing current in the current sense MOS- 
FET. More significantly, as the temperature of the 

5 cun'ent sense MOSFET Increases, as under in- 
creasing load conditions, the aforementioned in- 
duced error percentage and likewise associated 
sense voltage error percentage Increases. 

Furthermore, for safety reasons required in 

10 automotive applications, power switch protection 
and current sensing need to be implemented in a 
"high side" configuration. This configuration places 
the current switch or power switch in between the 
positive supply and the load. If the cun-ent sensing 

15 method demonstrated In U.S. 4,654,568 were to be 
used in a high side configuration, it would have all 
of the previously described problems. Further, the 
operational amplifier supply voltage would have to 
be higher than the sum of the current sense termi- 

20 nal voltage and the amplified voltage drop across 
the sensing resistor. Since the voltage drops 
across the current sense MOSFETs (power MOS- 
FETs) are very low. this would required an oper- 
ational amplifier voltage supply to be higher than 

25 the voltage supply connected to the cun'ent sense 
MOSFET. which is typically the battery. Vbatt. in 
automotive applications. This method Is further 
complicated by requiring the threshold reference 
voltage, which needs to be generated and used for 

30 comparing the amplified resistor voltage drop to 
some threshold for protection, to be operatively 
referenced above the current sense terminal poten- 
tial, which Is changing with varying load conditions 
and battery voltage. 

36 Alternatively, an operational amplifier could be 
connected in a current amplifier configuration, 
sometimes called a virtual ground reference, in- 
stead of a voltage amplifier configuration. This 
would require the operational amplifier to have a 

40 high common mode input voltage nearly equal to 
the supply voltage, a threshold reference voltage to 
be operatively referenced below the current sense 
terminal potential which Is changing with varying 
load conditions and battery voltage, and would 

46 require an operational amplifier to work at the high 
voltage transients that are present in automotive 
applications (typically filtered to 45 volts). 



50 Disclosure of the invention 

it Is an object of the Invention to provide a 
power delivery circuit having a switch located on a 
high potential side of the load and including simple 
and reliable circuit means to sense a current con- 



3 



3 



EP 0 397 102 A2 



4 



dition, such as an over-current condition in the 
load. The power delivery circuit may include 
means to turn off the cun'ent through the switch 
upon detection of an over-cun'ent condition to pre- 
vent destruction of the switch or of the load. The 
foregoing type of circuit is particularly suitable for 
use with a single-poiarity voltage supply, such as 
typically provided in automobiles. 

Another object of the invention is the provision 
of simple and reliable circuit means to sense the 
condition of cun'ent through a current switch to a 
load and which functions accurately within a rela- 
tively nan'ow tolerance range and over a relatively 
broad operating range. 

A further object of the invention is to provide a 
power delivery circuit with over-current protection 
that functions accurately and reliably despite large 
changes in ambient temperature, such as is typi- 
cally encountered in an automobile. 

Another object of the invention is to provide a 
power delivery circuit with over-current protection 
that can be inexpensively manufactured with the 
use of readily-availabie discrete components. 

Another object of the invention is to provide an 
Improved current sensing circuit for use in conjunc- 
tion with a current controlling device such as a 
current sensing MOSFET, connected to respective 
ones of two auxiliary terminals associated witii the 
current sensing MOSFET. Included within the ob- 
ject is the provision of such cun'ent sensing circuit 
having a constant load current (D-to-voltage sense 
(Vs) conversion ratio which is independent of vari- 
ations in the supply potential and in tiie load cur- 
rent. 

It is a further object of the Invention to provide 
a current sensing circuit of the type described 
which is particularly suited for use with a current 
sensing device or switch In a "high side** configu- 
ration and which exhibits improved accuracy. 

It Is a still further object of tfie invention to 
provide a current sensing circuit of ttie type de- 
scribed in which such improvements in accuracy 
and stability are obtained with a concomitant mini- 
mization of cost and complexity associated with the 
number of resistors required. 

!n accordance with a preferred form of the 
invention, the power delivery circuit for supplying 
load current to a load is provided. The circuit 
includes a power node for connection to a source 
of electrical power, a load node for connection to a 
load, and a high potential cun'ent patii for sup- 
plying electrical current from tiie power node to tiie 
load node. The high potential current path includes 
a current switch whose switching state is controlled 
by a control signal on an associated control termi- 
nal. The power delivery circuit further includes cur- 
rent sensing circuitry for reliably sensing the level 
of load current over a wide operating range. The 



power delivery circuit may further include a single, 
highly reliable over-current detection circuit respon- 
sive to the sensed condition of current In the high 
potential current patfi. The over-current detection 

5 circuit is for detecting when the cunrent in the high 
potential current path exceeds a predetermined 
level. The power delivery circuit, preferably, further 
includes cunrent turn-off means for disabling cur- 
rent flow to tiie load when an over-current condition 

10 is detected. 

In a prefenred embodiment of the invention for 
providing accurate and reliable over-current detec- 
tion, the current switch in the high potential current 
path comprises a multicellular device witii a plural- 

15 ity of terminals including a first main current termi- 
nal connected to the power means, a second main 
cun'ent terminal connecting a majority of device 
cells to tiie electrical load, a first auxiliary teoninal 
connected at one end to a minority of device cells 

20 so as to provide a current generally proportional to 
the main device current, and a second auxiliary 
terminal connected at one end to the majority of 
device cells. The over-cunrent detection circuit in 
this embodiment preferably comprises one branch 

25 connected between the first auxiliary terminal and a 
reference potential such as ground and Including, 
in serial circuit, a bias-controlled transimpedance 
device such as a transistor and a resistor placed 
between the transimpedance device and the 

30 ground and providing a voltage at one end approxi- 
mately proportional to the main device current, and 
another branch connected between tfie second 
auxiliary terminal an tiie ground and providing a 
control signal for tiie transimpedance device in the 

35 first branch. 

The b'ansimpedance device in the foregoing 
over-current detection circuit beneficially couples 
the current from the high-potential-side first auxil- 
iary node to the resistor that is at low potential. 

40 This permits such resistor to be selected so as to 
provide a desired sense voltage indicative of a 
particular load cun'ent. Moreover, the branch con- 
nected between the second auxiliary terminal and 
the ground for providing the control signal prefer- 

45 ably includes a transistor having its base cross- 
connected to the transimpedance device in the first 
branch and further having its base shorted to its 
collector. 

A furtiier improved current sensing circuit is 
50 provided which has particular utility in power deliv- 
ery circuits in which the current controlling device 
Is in the "high side*, and especially in the high 
side of an H-bridge switch arrangement The fur- 
tiier improved current sensing circuit includes first 
55 and second branches each connected at one end 
to a respective one of the first and second auxiliary 
terminals and includes means for connection in 
common at the otiier end to a reference potential in 
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the power delivery circuit. More specifically, the 
current sensing circuit comprises the first branch 
including first and third series-connected semicon- 
ductor devices, such as transistors; the second 
branch including second and fourth series-connect- 
ed semiconductor devices, such as transistors; the 
first and fourth semiconductor devices each being 
controlled by bias signals and acting in a translm- 
pedance mode of operation; the second and third 
semiconductor devices being cross-connected with 
the first and fourth semiconductor devices respec- 
tively to provide the respective bias signals thereto: 
and the first branch further including Impedance 
means, such as a resistor, connected in series 
circuit therewith for providing a voltage at a node at 
one end of the impedance means approximately 
proportional to the main device cun'ent, that node 
being connectable to a detection circuit 

In accordance with an embodiment of the in- 
vention, the first, second, third and fourth semicon- 
ductor devices comprise respective bipolar transis- 
tors, and the first and second transistors are of one 
conductivity type and the third and fourth transis- 
tors are of the opposite conductivity type. Further, 
the first main current terminal of the current con- 
trolling device is adapted to be connected to one 
polarity of a source of power having relatively op- 
posite polarities, the second main current terminal 
of the current controlling device is adapted to be 
connected to one side of a load, and the other side 
of the load is adapted to be connected to the other 
polarity of the source of power. The current control- 
ling device with the current sensing capability is 
preferably connected in the "high side" of the 
power delivery circuit such that it Is relatively more 
positive than the load. Both the first and the second 
transistors are PNP transistors and the third and 
fourth transistors are NPN transistors. The refer- 
ence potential In the power delivery circuit, to 
which the first and second branches of the sensing 
circuit are adapted to be connected in common, Is 
the other polarity of tiie source of power, and is 
typically ground. 

The betas (fi) of the first and second transis- 
tors are substantially identical and the betas of the 
third and fourth transistors are substantially iden- 
tical. 

Further in accordance with tiie invention, the 
second and third transistors are each connected in 
respective shorted base-to-colleclor configurations 
and the base of the second transistor is connected 
to tiie base of the first transistor and the base of 
tiie third transistor is connected to tiie base of the 
fourth transistor. The impedance means In the first 
branch is a first resistor. In one embodiment, the 
second branch circuit Includes a respective second 
resistor in series circuit tiierewith. In an alternate 
embodiment a single resistor Is connected in com- 



mon in the first and tiie second branches and Is 
connected to the reference potential. 

In a further embodiment, still further improve- 
ment In performance of the current sensing circuit 

5 may be realized through the addition of fifth and 
sixth transistors thereto as an alternative to or 
modification of tiie shorted base-to-collector con- 
nections. The circuit becomes less sensitive to 
beta variations, and thus temperature, in tiie otiier 

10 four transistors. 

In a still further embodiment, fiftfi and slxtfi 
transistors are added to tiie current sensing circuit, 
a respective one being serially connected in each 
of tiie branches Intermediate the otiier transistors. 

15 The respective fifth and sixth transistors provide 
the major voltage drops thereacross to minimize 
tiie voltage across the otiier transistors and thereby 
minimize variations in the betas of those otiier four 
transistors despite variations In the supply voltage. 

20 

Brief Description of the Drawings 

Rg. 1 is a schematic illustration partially in 
25 block diagram form providing an overview of the 
present invention as used in a so-called "H"-bridge- 

circuit. 

Rg. 2A is a schematic circuit diagram par- 
tially in block form of current switch Si and over- 
30 current detector 24 of Rg. 1 . 

Rg, 2B Is a schematic illustration of an alter- 
native current-sensing circuit that can be used In 
tiie over-current detector of Rg. 2A. 

Rg. 3 is a simplified schematic of a mutticei- 
35 lular current switch preferably used to implement 
switch Si in Rg. 1 . 

Rg, 4 Is a block diagram of sub-circuits 
contained within gate override circuit 26 of Rg. 1. 

Rg. 5 is a schematic illustration partially in 
40 block form of a generalized form of the invention. 

Rg. 6 Is a schematic circuit diagram of an- 
other embodiment of the Invention. 

Rg. 7 is a schematic illustration partially in 
block diagram form providing a generalized view of 
46 another embodiment of the current sensing circuit 
of the invention, connected in operative association 
with current controlling devices, such as current 
sensing switches, in an H-bridge switch an^ange- 
ment 

50 Rg. 8 is a schematic circuit diagram depict- 

ing, in detail, one embodiment of the current sens- 
ing circuit of Rg. 7. 

Rg. 9 is a schematic circuit diagram of a 
second embodiment of the type of current sensing 
55 circuit of Fig. 7. 

Fig. 10 Is a schematic circuit diagram of a 
third embodiment of the type of current sensing 
circuit of Fig. 7. 
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Rg. 11 is a schematic circuit diagram of a 
fourth embodiment of the type of current sensing 
circuit of Rg. 7. 

Rg. 12 is a schematic circuit diagram of a in 
fifth embodiment of the type of current sensing 
circuit of Rg. 7. 

Best Modes for Carrying out The Invention 

In the drawings, like reference numerals refer 
to like parts unless otherwise noted. 

Rg. 1 shows a general overview of the power 
delivery circuit, and the current detection circuit of 
the invention as used in conjunction with an exem- 
plary H-bridge circuit 10. The power delivery circuit 
of Rg. 1 additionally includes control circuitry 12 
associated with H-bridge circuit 10. 

Considering first H-bridge circuit 10, a load leg 
U extends horizontally and contains a load 14. 
such as an electrical motor. Vertical leg Li extends 
between left end node 16 of load leg U and an 
upper node 18, which typically is at a nominal 12- 
volt potential for automotive applications. Load leg 
U extends between node 16 and a node 20, typi- 
cally at ground reference potential. Connected be- 
tween a right end node 22 of load leg Lo and an 
upper node 18' is load leg L3. Load leg L* is 
connected between end node 22 and ground node 
20'. 

The reference to "vertical" and "horizontal" 
orientations of the various legs of H-bridge circuit 
10 are, of course, merely for descriptive purposes 
and may or may not accurately describe the layout 
of an actual H-bridge circuit. 

As indicated by the phantom lines high poten- 
tial nodes 18 and 18* are typically interconnected, 
and ground nodes 20 and 20 similarly are also 
interconnected. 

Contained within load legs Li to U. respec- 
tively, are current switches Si to Sa. respectively. 
These switches are controlled by respective signals 
on their gates to G«. As used herein, the term 
"gate" broadly encompasses any form of control 
lead for changing the switching state of a current 
switch. As such, the term "gate" is intended to be 
synonymous with the "base" of a bipolar transistor, 
for example. 

In order to direct current through load 14 in the 
direction shown by a curved arrow 25, appropriate 
signals are placed on gates Gi and G& of switches 
Si and S4, respectively, to turn such switches on, 
while appropriate signals are placed on the gates 
G2 and G3 of switches S2 and S3, respectively, to 
keep these switches off during this time. Con- 
versely, to direct current through load 14 In the 
direction shown by curved arrow 27. switches S2 
and S3 are made to conduct by appropriate control 
of their gates, while the other switches Si and S4 



are kept off during this time. 

In order to prevent an over-cun'ent condition 
from destroying the load 14 or the switches Si and 
S3 located in the high potential legs of H-bridge 

5 circuit 10 ("high side switches"), over-current de- 
tectors 24 and 30, shown as part of control circuity 
12, respond to electrical conditions in high potential 
legs Li and U. respectively. In a preferred ar- 
rangement, over-current detector 24 is responsive 

10 to electrical conditions within switch Si, described 
below In connection with Rgs. 2A and 3. 

Continuing with Rg. 1, if an over-cun^ent con- 
dition is detected by detector 24. a gate override 
circuit 26 overrides a conventional gate control 

75 function 28 to assure that switches Si and S4 
remain off. Similarly, upon detection of an over- 
current condition in switch S3 by detector 30, a 
gate override circuit 32 prevents conventional gate 
control function 34 from turning on switches S2 and 

20 Ss. 

Switch Si and over-current detector 24 are 
described in greater detail in Rg. 2A. Switch S3 
and over-current detector 30 are suitably of cor- 
responding construction to switch Si and detector 

25 24. Turning to Rg. 2A. switch Si is represented by 
a symbol for a MOSFET device, such as that sold 
by International Rectifier under the trademark 
"HEXSense". The main load terminals of HEX- 
Sense device Si are illustrated as terminals 16 and 

30 18. Terminal 16 is the main source terminal of 
switch Si, and terminal 18 is the sole drain termi- 
nal of the switch. Gate Gi corresponds to gate Gi 
of cun-ent switch Si of Rg, 1. 

HEXSense device Si includes two auxiliary, 

05 further terminals 40 and 42. The inten^elation of 
auxiliary terminals 40 and 42 to the main terminals 
16 and 18 of switch Si is explained in connection 
with the schematic repre^sentation of switch Si in 
Rg. 3. Cells Ci through Ca shown in Rg. 3. repre- 

40 sent Individual cells of HEXSense device Si . Com- 
mon gate Gi provides a common gate signal for 
the individual gates of cells Ci-C„. Drain electrode 
18 serves as a common drain electrode for all the 
cells Ci-Cn* Source terminal 16 serves as a com- 

45 mon source for a majority of the cells of switch Si, 
namely cells Ca-Cn, while terminal 42 {generally 
referred to as the Kelvin terminal. K) serves as an 
auxiliary source electrode connected in common 
with source electrode 16 except for minor metaliza- 

50 tion resistance (not shown). Auxiliary terminal 40 
(sometimes designated "C.S." for current sensing 
electrode) serves as a source electrode for only a 
minority of the cells of switch Si. namely cells Ci- 
C2. In an actual device having several thousands or 

55 more cells, the auxiliary terminal 40 could serve as 
a source for pertiaps several hundreds of cells. 

HEXSense device Si is formed as one in- 
tegrated circuit with each of its cells having similar 
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characteristics to Its other cells. For this reasons, a 
current which flows from drain 18 to auxiliary 
source 40 is approximately proportional to the cur- 
rent that flows from drain 18 to main source 16, 
where such proportion is determined by the ratio of 
the minority number of cells connected to terminal 
49 to the majority number of cells connected to 
terminal 16. 

Further details of HEXSense device S» are 
contained In Power MOSFET Application Notes . 
No. AN-959. published by International Rectifier in 
1986, and incorporated herein by reference. 

In view of the above description of the multicel- 
lular construction, it will be apparent to those 
skilled in the art that other types of multicellular 
switching devices could be used herein instead of 
a HEXSense device. By way of example, a mul- 
ticellular thyristor device would comprise a suitable 
replacement. 

Returning to Rg. 2A, auxiliary terminals 40 and 
42 are shown connected to a current-sensing cir- 
cuit 43 having two branches and comprising PNP 
bipolar transistors 44 and 46 and resistors 48 and 
50, Current from Si that flows through auxiliary 
terminal 40 Is conducted in one branch through a 
bias-signal controlled transistor 44 to cause a volt- 
age drop across resistor 48. Transistor 44 and 
resistor 48 are series connected in the one branch, 
with the transistor connected to auxiliary terminal 
40 and the resistor having one end connected to 
ground in the illustrated embodiment. Neglecting 
the bias signal, or base current, in transistor 44. the 
voltage drop across resistor 48 Is proportional to 
the current flowing through terminal 40 and, hence, 
to the load cunrent flowing through terminal 16. The 
voltage at node 52 is thus proportional to the load 
current. Transistor 44 functions as a transimped- 
ance device to couple the current from the high 
potential side auxiliary node 40 to the low potential 
side resistor 48. This permits resistor 48 to be 
selected so as to provide a desired sense voltage 
indicative of a particular load cun-ent. 

In the other branch, transistor 46 of circuit 43, 
having a short across Its base and collector so as 
to function as a P-N diode, provides a bias signal 
(base current here) for transistor 44. Transistor 46 
and resistor 50 are series connected in that other 
branch, with the transistor connected to auxiliary 
terminal 42 and the resistor connected between the 
transistor's collector and ground. 

For optimized performance, it is preferred that 
the transistors 44 and 46 be formed of matched 
silicon and that the base cun'ents of those transis- 
tors be substantially the same. In this manner, the 
voltage drops across the emitter-base junctions of 
transistors 44 and 46 are nearty equal. Thus, the 
sensing circuit 43 forms an impedance matching 
buffer and will maintain the same voltage at termi- 



nal 40 as the voltage at terminal 42. It should be 
appreciated that this is a critical requirement to 
maintain the current ratio accuracy of the HEx- 
sense device. Small deviations in the voltage be- 

5 tween terminals 40 and 42 create large errors In 
the current ratio of the HExsense device. 

Resistors 48 and 50 of the cu^ent-sensing 
circuit 43 are preferably, but not necessarily, se- 
lected to result In equal currents through them 

10 when an over-cun'ent condition occurs In the load. 
Resistors 48 and 50 may be selected so that the 
voltage at node 52 varies somewhat linearly with 
the load cun-ent about a particular value of load 
current according to the ratio of the number of cells 

75 in HEXSense switch Si connected to auxiliary ter- 
minal 40 to the number of cells in such switch 
connected to load 14. A circuit designer can, how- 
ever, select resistors 48 and 50 so that the voltage 
at node 52 varies as above with load current but 

20 according to a ratio differing from the foregoing 
ratio. Thus, a circuit designer can select resistors 
48 and 50 to alter the relative change of voltage at 
node 52 to the change of level of current in load 
14. 

25 Where the line voltage on node 18 (Fig. 2A) Is 
nominally 12 volts. PNP transistor 44 and 46 typi- 
cally each have a beta value of 200 and a break- 
down voltage of 60 volts, and resistors 48 and 50 
typically have values of 487 and 9.1 K ohms, re- 

30 spectively. Additionally, a 0.001 or 0.01 microfarad 
capacitor 49 (shown in phantom) is preferably 
placed across resistor 48 to filter any potential 
cunrent spikes during turn-on. 

The above-described arrangement of current- 

35 sensing circuit 43 Is relatively accurate and stable, 
being well-suited to provide a voltage at node 52 
which is proportional, within a tolerance of about 
±3%, to the actual current through the associated 
current switch (and load) in the region of a particu- 

40 lar value of load current across a relatively broad 
range of operating characteristics, as often encoun- 
tered in, for example, an automotive environment. 
That operating range across which this circuit con- 
figuration Is accurate to within ±3% includes vari- 
es atlons of ±25% in the supply potential from the 
nominal 12 volts, variations in the gains (fi) of 
transistors 44 and 46 in the range of 100 to SOO.^or 
more and/or variations in temperature of ±60 *C 
from an ambient of about 25* C. Such variations in 

50 the supply potential are occasioned by Inductive 
loading on the battery supply and/or dissipation via 
age and/or loading. Variations in the transistor 
gains (fi) occur through initial mismatch and par- 
ticularly as operating temperatures change, with 

55 lower gains (i.e.. 100 or less) being at relatively 
cold ambient temperatures and the higher gains 
fi.e., 500 or more) being at hot operating tempera- 
tures. 
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The vottage on node 52 of cunrent-sensing 
circuit 43 may serve as an input to a variety of 
"use" devices, and in the described embodiment It 
is applied to input node 60 of a comparator 62, 
whose other input Is a reference voltage level 64 
selected to determine the over-current level. The 
output of comparator 62 is then processed by a 12- 
volt-to-5-volt level shifter 66 so that further process- 
ing can conveniently occur with standard 5-volt 
logic circuitry. When the voltage at node 60 ex- 
ceeds that of reference level voltage 64. the com- 
parator 62 provides an output, processed by volt- 
age level shifter 66, which is applied to gate over- 
ride circuit 26 described in connection with Figs. 1 
and 4. 

Current-sensing circuit 43 can be replaced by 
other circuits that provide a vottage at node 60 of 
comparator 62 that is approximately proportional to 
load current, with possibly greater or lesser accu- 
racy and greater or lesser cost. 

An alternative current-sensing circuit is illus- 
trated in Fig. 2B as circuit 70. Like circuit 43 of Rg. 
2 A, circuit 70 of Fig. 2B preferably includes two 
PNP bipolar transistors 44' and 46' and resistors 
48* and 50'. Transistor 44* and resistor 48' of 
circuit 70 function in the same manner as the like- 
numbered elements of circuit 43 of Fig. 2A. An 
additional PNP bipolar transistor 72. however, is 
provided in association with transistor 46 . The 
addition of transistor 72 provides a measure of gain 
stabilization which causes circuit 70 to operate 
slightly more consistently for variations in ambient 
temperature and supply voltage. 

With the possible exception of matched-silicon 
transistors 44 and 46, both current-sensing circuits 
43 and 70 (Fig. 2A and 2B) may be advanta- 
geously formed by inexpensive, discrete elements. 

In current-sensing circuit 70. PNP transistors 
44', 46' and 72 preferably each have a typical beta 
value of 200 and a* typical breakdown vottage of 60 
volts, and resistors 48' and 50' preferably have 
values of 240 and 6,5K ohms, respectively. Addi- 
tionally, a shunting ca(>acitor 49* (shown in phan- 
tom) across resistor 48' is preferably used to filter 
any potential current spikes during turn-on. Typical 
values are 0.001 or 0.01 microfarads. 

In Rg. 4. gate override circuit 26, described 
above In connection with Rg. 1, Is shown in more 
detail. Considering Rg. 4. an over-current signal 
from over-current detector 24, typically at a 5-volt 
level, may be provided to the reset terminal of a 
reset/set latch 80. which may be conventionally 
formed by two CMOS NAND gates (not shown). A 
signal applied to the reset terminal of latch 80 will 
override any signal from gate control function 28 
which is supplied to the set input of the reset/set 
latch 80 and which typically is a 5-volt signal from 
a microprocessor. The output of the resetset latch 



80 is then processed by a pre-driver circuit 82 to 
provide appropriate biasing signals for gates Gt 
and Ga. of switches Si and S4 (Fig. i). respectively. 
The high potential side gates Gi and G3 are 

5 preferably provided with a biasing voltage of about 
12 volts above the supply voltage, which may be 
generated with a conventional voftage-doubiing cir- 
cuit (not shown). This Is in contrast to the low 
potential side gates G2 and G4 which are prefer- 

10 ably provided with a biasing vottage at the supply 
voltage level, typically 12 volts. Pre-driver circuit 82 
cooperates with a counterpart pre-driver circuit (not 
shown) of gate override circuit 32 (Fig. 1) to pro- 
vide the foregoing biasing voltages. The foregoing 

15 pre-driver circuits can be designed as illustrated to 
have one logic input from latch 80 control switches 
S2 and Sa and the other logic input (not shown) 
control the other two switches. Alternatively, the 
pre-driver circuits can be designed to have one 

20 logic input toggle switches Si. Sz* or vice-versa; 
and to have the other logic input likewise toggle the 
other switches. 

Pre-driver circuit 82 and its counterpart (not 
shown) for switches Sa and S3 can, further, be 

25 designed to provide delay times to the control 
signals on gates G1-G4 to insure that cun'ent is 
fully off in one direction through the load before 
causing current flow in the other direction. Alter- 
natively, gate control functions 28 and 34 (Fig. 1), 

30 typically implemented by a microprocessor, may 
provide such delay times. 

Fig. 5 shows a more generalized form of the 
Invention in which a single current switch Si is 
placed on the high potential side of a load 14 . The 

35 over-current detector 24'. gate override circuit 26'. 
and gate control function 28 correspond to the 
like-numbered parts shown in connection with the 
above-described power delivery circuit of the H- 
bridge type. 

40 Rg. 6 shows still another embodimeint of a 
current-sensing circuit in which all components 
similar to those of Fig, 2A have like identifying 
numerals. Rg. 6 differs from Rg. 2A in that resistor 
90 is tied between the bases of transistors 44 and 

45 46 and ground and the collector of transistor 46 
goes directly to ground. The circuit of Fig. 6 has 
been found to experience significant variations in 
current ratio with changes in voltage, current, tran- 
sistor beta mismatch, and temperature change. 

50 These problems are largely avoided in the circuit of 
Rg. 2A, particularly in response to changes in 
supply voltage, beta mismatch and temperature 
changes. The circuit of Rg. 6 demonstrates, in 
some respects, the principle of operation of the 

55 circuits of Rgs. 2A and 28. Although it may be 
satisfactory for some applications having constant 
operating conditions or In which significant accu- 
racy is not required, it is not generally suited to 
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typical automotive applications requiring an accu- 
racy within t3% across the eariler-mentioned op- 
erating ranges. In the circuit of Rg. 6, resistor 48 
may have a resistance of 1000 ohms and resistor 
90 a resistance from 100K to 1 megohm. s 

Although the current sensing circuits which em- 
ploy a plurality of matched transistors In an in- 
verted cun'ent minror configuration do provide cer- 
tain advantages over the current sensing circuitry 
associated with the aforementioned U.S. patent io 
4,654.568. they still exhibit certain limitations when 
the supply voltage In the power delivery circuit 
varies, such that they maintain a constant current 
proportionality between the sense cun'ent and the 
load current over only a limited load current range. is 
These limitations manifest themselves as en-ors In 
the current sensing MOSFET(s) ratio or propor- 
tionality and In the sensing circuits connected 
thereto. However, the circuitry of Figs. 7-12 over- 
comes most of those limitations. 20 

Referring now to Rgs. 7-12 depicting a further 
Improvement of the present Invention wherein like 
reference numerals refer to lil<e parts. 

Rg. 7 depicts the current sensing circuit of the 
invention In a generalized block diagram form and . 26 
connected in operative association with one or 
more current controlling devices, and specifically 
current sensing switches, which are in turn con- 
nected in a power delivery circuit to a load. More 
partlculariy, the current sensing switches are part 30 
of an H-bridge switching arrangement for providing 
bidirectional control of the load device. More par- 
ticularly still, and of significant Importance to the 
invention, each current sensing switch to which the 
current sensing circuitry of the invention is con- as 
nected appears in the "high", or relatively more 
positive, side of the power delivery circuit relative 
. to the load device. 

In Rg. 7, an H-brldge circuit 110 Includes a 
load 14. such as a bidirectional electrical motor. 40 
The upper, or "high" side, arms of the H-bridge 
circuit 110 is connected to a relatively positive 
power supply potential, In this instance Vbatt which 
may correspond with the battery supply voltage In 
a vehicle. The lower, or "low" side, ams of the H- 45 
bridge circuit 110 are connected to the opposite 
polarity of the power supply, which in this instance 
Is connected to ground potential. Ground potential 
serves as the reference potential for the power 
supply circuit. so 

Connected in the upper left and upper right 
arms of the H-bridge 110 are current controlling 
devices having a cun^ent sensing capability and 
specifically, current-sensing power switches Si and 
S3, respectively. The current sensing switches Si ss 
and S3 represent the type of power carrying field 
effect transistor which is multi-cellular, and includes 
a major cun^ent carrying cellular portion and a 



minor current carrying cellular portion as previously 
described. The current sensing MOSFETs Si and 
S3 include a gate terminal Q for control, major 
current-can7lng terminals represented by the drain 
D and by the source S, a first auxiliary terminal. C. 
S.. connected at one end to the minority of cells In 
the sensing MOSFET Si so as to provide a current 
generally proportional to the main device current, 
and a second auxiliary temninal. generally des- 
ignated the Kelvin terminal. K. connected at one 
end to the majority of the cells of switch Si and 
substantially electrically in common with the source 
terminal. 

Typically, the direction of rotation of motor 14 
will be controlled by causing cunrent flow thereth- 
rough in one direction or the other. Thus, for exam- 
ple, current sensing switch Si in the upper left leg 
and switch S4 in the lower right leg will be caused 
to conduct concurrently for motor rotation In one 
direction. In such instance, current from the source 
Vbatt will flow via the drain terminal D of current 
sensing switch Si, and includes the major compo- 
nent of current supplied to the other polarity (i.e., 
ground potential) of the power supply via the power 
switch S4 and the motor 14 from the source termi- 
nal S and the majority of cells in the current 
sensing switch Si. A current proportional to but 
less than, the main current at terminal S is in turn 
provided via the minority cells at the current sense 
temninal C.S. Typically, the ratio of cells or major 
current carrying cellular portion to minor current 
carrying cellular portion, and thus of currents, may 
be on the order of 1000:1. 

To provide a signal which is proportional to the 
main current carried by the source tenminal S, It is 
necessary, or at least highly preferable, that the 
potential at the C.S. tenminal be the same as that at 
the source terminal S. Accordingly, an auxiliary 
contact designated the Kelvin contact K Is elec- 
trically connected to the source terminal S and 
provides a signal representative of the potential at 
the source terminal. As will be hereinafter appre- 
ciated, the cunrent sensing circuit associated with 
current sensing MOSFET Si endeavors to maintain 
the potential at the Kelvin terminal K and the cur- 
rent sense terminal C.S. equal to one another. 

To develop the signal representative of the 
current carried by the current sensing switch Si , a 
current sensing circuit, generally depicted within 
the broken line block 120 of Fig. 7, Is operatively 
connected with the Kelvin and the current sense 
temninals of current-sensing switch Si and to an 
appropriate potential associated with the power de- 
livery circuit. Circuit 120 provides an output signal 
125 to a comparator 127 for subsequent use In a 
known manner. 

Specifically, the signal 125 appearing from 
sensing circuit 120 is a voltage level representative 
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of the current in terminal C.S. of switch Si. which 
is in turn proportional to the main current in switch 
Si and thus normally also through the load 14, A 
reference voltage. Vrep. is selected and connected 
to the " + " Input of comparator 127 for comparison 
with the current-converted to-voltage signal 125 
appearing at the input of that comparator. The 
potential of VREF is selected, in conjunction with 
circuit 120, to be representative of some threshold 
value of cunrent in the current sense MOSFET 
circuit which is to be detected and indicated via the 
output of the comparator on line 129. Thus, so long 
as the voltage on line 125 is less than that of Vref, 
the current in the current sense MOSFET, and 
normally through the H-bridge is presumed to be 
less than the monitored threshold value; whereas if 
the voltage on line 125 exceeds the Vref. the 
comparator 127 provides an output 129 which in- 
dicates that the current in the H*bridge. or at least 
through current sensing MOSFET exceeds the 
monitored threshold value. It will be appreciated 
that signal 125 could be connected to an A-to-D 
converter or multiple comparators so as to monitor 
continuous or multiple current levels. 

In order for the signal 125 from current sensing 
circuit 120 to be as representative as possible of 
the current in the H-bridge. or at least through the 
current sense MOSFET. it is necessary that Its 
derivation be accomplished in a manner which is 
not adversely Impacted by excursions in the power 
supply potential Vbatt and/or by temperature ex- 
cursions in the circuitry and'or by load current 
excursions, In this regard, the current sensing cir- 
cuitry 120 of the present invention is believed to be 
particularly well-suited. It should be noted that an- 
other current sensing circuit, also designated 120, 
is associated with the Kelvin terminal K and the 
cun'ent sense terminal C,S. of the cun-ent sensing 
MOSFET S3 in the upper right arm of the H-bridge 
110. It is of identical construction to the current 
sensing circuit 120 associated with current sensing 
MOSFET Si. 

Referring now to the current sensing circuit 120 
depicted very generally in block form at the lower 
left In Rg. 7, there appear two serial branches BRt 
and BR2, each of which includes at least two 
semiconductor devices, such as bipolar transistors 
or the like In which one is used in a transim- 
pedance mode of operation. Serial branch BRi is 
connected at one end to the current sense terminal 
C.S. of current sensing switch Si and is connected 
at Its other end to a reference potential In the 
power delivery circuit, in this Instance, ground po- 
tential. Similarly, serial branch BR2 is connected at 
one end to the Kelvin terminal K of cun-ent sensing 
switch Si and is connected at its other end to the 
same reference potential in the power delivery cir- 
cuit, In this Instance, ground potential. 



In branch BRi, there are two semiconductor 
devices Qi and Q3 connected in serial drcuit. 
Similarly, in branch BR2 there are two other semi- 
conductor devices, Q2 and Oa. connected in serial 

5 circuit therein. More particularly still, the semicon- 
ductor devices, which hereinafter for convenience 
will be referred to as transistors, are cross-con- 
nected to provide a particular bias control. Specifi- 
cally, transistor Q2 is cross-connected via lead 

10 CC12 to transistor Qi operating in the transim- 
pedance mode to provide bias control to the latter. 
Similarly, transistor Q3 is cross-connected via lead 
CCa* to transistor Q4 operating in the transim- 
pedance mode to provide bias control to the latter. 

75 A sensing resistor Rs is shown in serial circuit 
with transistors Qi and Q3 in branch BRi for devel- 
oping the voltage signal 1 25 extended to compara- 
tor 127. Though the sensing resistor Is shown in 
the generic circuit of Fig. 7 as being the only 

20 resistor depicted in the cunrent sensing circuit 120 
and further as being connected between transistor 
Q3 and ground, It will be understood that other 
resistors might be included elsewhere in the 
branch circuits BRi and BR2 and further, that the 

26 sensing resistor Rs might be connected between 
transistors Qi and Cb in branch circuit BRi . It also 
will be understood that a capacitor can be included 
electrically in parallel with the sense resistor Rs 
which will bypass potential current spikes caused 

30 by turn-on and turn-off of the current sense MOS- 
FET. 

The described branch circuits BRi and BR2 
serve to provide, via transistors Qi and Q2, an 
impedance-matching buffer, or pseudo or inverted 

35 cunrent min-or, in the upper portion of the circuit 
120 and connected to the terminals C.S. and K. 
whereas transistors Q3 and in the lower portion 
of circuit 20 define a more conventional cun'ent 
mirror. The bottom two transistors, Q3 and Q4, 

40 operate in current-mirror fashion to maintain near- 
equal collector currents, and therefore base-emitter 
voltages, through the upper transistors Qi and Q2. 

For a better understanding of the current sens- 
ing circuitry 120 depicted generally in Fig, 7. refer- 

45 ence is made to several alternative, specific em- 
bodiments thereof as depicted in Figs. 8,9. 10. 11, 
and 12, respectively. To emphasize any differences 
between those circuits, the current sensing circuit 
of Rg. 8 is designated 120', that of Fig. 9 is 

so designated 120", that of Fig. 10 is^ designated 120 
that of Rg. 11 Is designated 120"". and that of Fig. 
12 is designated 120"". On the other hand, the 
transistors Q1-Q4 each bear the same identifying 
reference and will typically be the same from one 

55 circuit to the next, though some variation is con- 
templated within the scope of the invention. Addi- 
tionally. Figs. 11 and 12 have transistors Qs and 
Qe. In each Instance, it is important that the betas 
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(0) of transistors Qi and Q2 be the same and the 
betas of transistors Qa and CU be the same. Thus, 
transistors Qi and Cb are preferably two matched 
PNP transistors and transistors Q3 and Q* are two 
matched NPN transistors. In some Instances, it 
may also be desirable that the betas (0) of transis- 
tors Qi and Q2 be the same as those of transistors 
Q3 and Q4. Higher values of beta result in more 
accurate current mirroring between Qi and Q2 and 
between Qs and Q4. The end result Is that the 
base-emitter voltages of Qi and Q2, and thus the 
voltages at the C.S. and Kelvin temiinals, will be- 
come more equal. The transistors In these exem- 
plary embodiments are incorporated in an inte- 
grated circuit. 

The sense impedance or resistance across 
which the sense voltage is developed, has been 
designated Rs' in Rg. 8. Rs'' in Fig. 9, Rs' in Fig. 
10. Rs" In Fig. 11 and Rs'" in Fi^j^ 12. While the 
function of sense resistor Rs'-Rs " Is similar In 
each of those embodiments, Its actual value and 
positioning within the circuit may vary somewhat. 
Accordingly, the superscripted primes have been 
applied for ease of identification. In each instance, 
the sense resistor Rs -Rs"* will appear in serial 
circuit with the transistors Qi and Q3 in branch 
BRi and which is in turn connected to the current 
sense terminal C.S. of current sense switch Si . 

Referring to Fig. 8. the current sensing circuit 
120' Includes transistors Qi and Q3 connected In 
serial circuit between current sense terminal C.S. 
and ground. It further includes transistors Q2 and 
Qi connected in serial circuit between the Kelvin 
temiinal and ground. Transistor Q2 is connected in 
a shorted base-to-cotlector configuration and has 
its base cross-connected to the base of transistor 
Qi via cross-connection CC12. Transistor Q2 effec- 
tively provides a bias signal for controlling transis- 
tor Qi. Connected this way. transistor Q2 acts like 
a diode, thereby regulating the base-to-emitter volt- 
age of transistor Qi and thus controlling the base 
cun-ent of transistor Qi . In this configuration, tran- 
sistors Qi and Q2 constitute an impedance match- 
ing buffer connected to the Kelvin terminal K and 
current sense terminal C.S. of the sensing switch 
Si. 

Transistor Q3 is connected in a shorted base- 
to-collector configuration and its base is connected 
to the base of transistor Q4 via cross-connection 
CC34. The collector of transistor Q3 is connected to 
collector of transistor Qi and the collector of tran- 
sistor Q4 is connected to the collector of transistor 
Q2. Transistor Q3 serves to provide a bias control 
signal to the transistor Qi via the cross-connection 
CC34. Transistors Q3 and Qi operate as a current 
mirror to maintain near-equal collector cun'ents, 
and therefore base-emitter voltages, through tran- 
sistors Qi and Q2. 



It can be appreciated that one can ratio the 
emitter areas of the transistors in BRi. I.e. Qi and 
Qa. versus the emitter areas of the transistors in 
BR2. i.e. Q2 and Qi. to decrease the power dis- 

5 sipatlon In one leg of the current sensing circuit. 
The collector current in transistor Qs will not be 
equal but will be proportional to the collector cur- 
rent in transistor Qi by the same proportional dif- 
ference in the emitter area of the two transistors. 

JO The same effect occurs for transistors Qi and Q2. 
The end result is that the base-emitter voltages of 
Qi and Q2 will be equal while the power dissipation 
In the current sensing circuit will be decreased. 
A bias resistor Rq is connected in series circuit 

75 with the transistors Q2 and Qi, with one end con- 
nected to the emitter of transistor Qi and the other 
connected to ground potential. The inclusion of 
resistor Rb helps to minimize the power dissipation 
through transistor Qi which might otherwise be- 
so come significant if high currents are being sensed 
and/or the transistors are contained In an Integrated 
circuit. The sense resistor Rs' Is connected be- 
tween the emitter of transistor Q3 and ground in 
the first branch circuit. The sense voltage is pro- 

25 vided at an output node appearing at the junction 
between the resistor Rs' and the emitter of transis- 
tor Q3, The sense voltage is thus the differential 
voltage appearing across the sense resistor Rs . 
Changes in the "on-resistance" of the current 

30 sense MOSFETs have no significant affect on the 
stability of the sense current ratio. The sense resis- 
tor Rs' is referenced to ground, which results in the 
sense voltage being independent of the actual po- 
tential of the supply voltage, Vbatt. ft will be under- 

35 stood that the potential of Vbatt. which is nominally 
12 volts, may be expected to vary between a 
potential as low as 6 volts and as high as 45 volts 
or more during transients. This circuit Is also rela- 
tively insensitive to load current changes. For high- 

40 side drives or situations in which tiie current sens- 
ing circuitry is connected to a high-side switch, 
there is no requirement for the comparator to have 
a common-mode voltage near equal to the potential 
of the supply voltage Vbatt. and the voltage refer- 

45 ence is independent of that supply voltage. Further, 
the sense voltage can be an order of magnitude or 
more larger than prior art circuits, such as in U.S. 
4.654,568. such that amplification is not required. 
An alternative to the current sensing circuitry of 

50 120' of Fig, 8 js depicted in the current sensing 
circuitry of 120" of Rg. 9. That circuit is structured 
similarly to that of Fig. 8 with respect to the ar- 
rangement of the four transistors Qi-Qi, however it 
omits the use of a separate biasing resistor Rb in 

55 tiie second branch. Instead, a sense resistor Rs 
appears not only in serial circuit with transistors Qi 
and Q3 of the first branch, but Is also shared in 
serial circuit witii transistors Q2 and Qi of the 
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second branch. The use of a single resistor Rs" 
provides at least two advantages over the circuitry 
of Rg. 8. the first being that one less inputx)utput 
(I/O) pin Is needed if it is assumed that the transis- 
tors are part of an integrated circuit and the resis- 
tances are external discrete devices. Secondly, 
there is no dependency on cun'ent ratio due to 
resistor matching between Rs and Rb. Of course 
the value of Rs' will have to be selected such that 
It provides the requisite sense voltage level for 
anticipated conditions. The tolerance of the resistor 
Rs' continues to affect the ability to sense ac- 
curately because that sensing Is actually a voltage 
and not the current. However, it will be appreciated 
that very low tolerances in Rs come at a very low 
cost penalty. 

Referring now to the cunrent sensing circuitry 
120** in Fig. 10. there is depicted another alter- 
native to the arrangement of Rg. 8 and Rg. 9. 
Relative to the cun'ent sensing circuits 120' and 
120* of Rgs. 8 and 9 respectively, the inverted 
current mirror Qi and Q2 and the cunent mirror Q3 
and Q4 of circuit 120 functions in a substantially 
similar manner. On the other hand, circuitry 120* 
employs a single sense resistor Rs** located In the 
first branch in serial connection between the collec- 
tor of Qi and the collector of Q3. No separate 
resistor is contained in the second branch with 
transistors Q2 and Q4. Although reliance upon a 
single resistor RS" In cunrent sensing circuit 120* 
may serve to reduce the count of resistive ele- 
ments employed, it may not reduce the number of 
1/0 pins if the transistors are part of an integrated 
circuit since one end of resistor Rs would have to 
be connected to transistor Qa and the other end 
would have to be connected to the collector of 
transistor Qi. Moreover, the omission of a resis- 
tance in the serial branch having transistors Q2 and 
Q4 may result in a greater-than-desired power dis- 
sipation through transistor Q4 In the event of high 
sense currents. Still further, the positioning of 
sense resistor RS* between transistors Q3 and Qi 
further introduces an offset voltage occasioned by 
the Vbe of transistor Q3. For that latter reason, it 
may be more desirable to sense the differential 
voltage across the sense resistor, which is more 
conveniently done in the embodiments of Rg. 8 
and Rg. 9. 

In Rg. 1 1 there is depicted a further refinement 
of the invention, in which the current sensing circuit 
120"" includes, in addition to the transistors Qi 
through Qa. described above, fifth and sixth transis- 
tors Qs and Q3 respectively. The base of PNP 
transistor Q5 is connected to the collectors of tran- 
sistors Q2 and Q4. The emitter of transistor Q5 is 
connected to the common-base connection CC12 
of transistors Qi and Q2. and the collector of 
transistor Qs is connected to the reference poten- 



tial. Transistor Qs replaces the shorted base-to- 
collector connection of transistor 02. Likewise, the 
base of NPN transistor Qe is connected to the 
collectors of transistors Qi and Qa. The emitter of 

5 transistor On is connected to the common-base 
connection of transistors Qa and Q*. and the col- 
lector of transistor Qe is connected to the emitter of 
transistor Qi. Transistor Qs replaces the shorted 
base-to-collector connection of transistor Q3. The 

JO addition of transistors Qs and Qc in^this manner 
results in current sensing circuit 120 being less 
sensitive to beta variations, and thus temperature. 
In transistors Qi through Qa, As in the embodiment 
of Rg. 9, a sense resistor Rs is connected at one 

15 end to the reference potential and at the other end 
to transistor Q3 of branch 1 and to transistor Qi of 
branch 2. The sense voltage signal 25 appears at 
the node between resistor Rs"" and the emitters of 
transistors Q3 and Q4. 

20 In Rg. 12 there is depicted yet a further em- 
bodiment of the invention in which the current 
sensing circuit 120"*' includes fifth and sixth tran- 
sistors Qs and Qg respectively, connected in an 
alternate configuration from that of Rg. 11. Transis- 

25 tors Qi and Qa and transistors Qa and Q4 are 
cross-connected at their respective bases by CC12 
and CC34 respectively as in the embodiment of 
Rg. 9. Similarly, the collectors of transistors Q2 
and Q3 are shorted to their respective bases. Simi- 

30 larly also, the sense resistor Rs** is not only in 
serial circuit with transistors Qi and Q3 of the first 
branch, but is also shared in serial circuit with 
transistors Q2 and Q4 of the second branch. The 
sense voltage 125 is jsbtained at the junction node 

35 between resistor Rs and the emitters of transis- 
tors Qa and Qa. However, transistors Qs and Qe 
are senally connected in the second and the first 
branches respectively. 

More particularly in Rg. 12, transistor Qs is of 

40 the PNP type and has its emitter connected to the 
collector of transistor Q2 and its collector con- 
nected to the collector of transistor Q4. Transistor 
Qs Is of the NPN type and has Its emitter con- 
nected to the collector of transistor Q3 and its 

45 collector connected to the collector of transistor Qi , 
The base of transistor Qs is connected across to 
the collector of transistor Qs In the first branch by 
cross-connection CCs 6. The base of transistor Ck 
is connected across to the collector of transistor Qs 

50 in the second branch via cross-connection CCs 5. 

Owing to the so-called Early voltage effect, 
changes in the voltage across a transistor may 
cause a change in its beta [p). Thus, for changes In 
the supply voltage Vbatt. the voltages across the 

55 transistors operating in the transimpedance mode, 
i.e., Qi and Qa, will change and will affect their 
betas (^) relative to the betas (^) of their respective 
mirroring transistors Q2 and Q3 and thus cause 
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variations in the ratios. However, tine addition of 
transistors Qs and Qs. connected as shown In Rg. 
12. serves to drop most of the voltage across those 
two transistors, thereby minimizing voltage 
changes across transistors Qi and Qa and thus 
minimizing the undesirable Early voltage effects. 
This results in improved performance over the 
range of possible variation in the supply voltage 
since the voltage across transistors Qa and Q4 
differ by only a diode drop, regardless of supply 
voltage. However, circuit 120 does exhibit a 
slightly larger voltage drop across the active ele- 
ments of each branch than do the other embodi- 
ments, which results in somewhat of a decrease in 
operating voltage range for a given sense cun-ent. 

It should be understood that the invention is 
not limited to the particular embodiments shown 
and described herein, but that various changes and 
modifications may be naade without departing from 
the spirit and scope of this novel concept as de- 
fined by the following claims. By way of example, 
the cunrent sensing MOSFETs might be used as 
linear control devices rather than as switches; the 
major and minor current-carrying cellular portions 
of the current sensing devices might be simply a 
relatively large cell of greater cun-ent-carrying ca- 
pacity and a smaller celt of much less capacity; the 
output signal 125 might be utilized or monitored in 
a linear manner rather than with respect only to a 
threshold; and the cun-ent sensing circuitry might 
be either In fully integrated circuit form, or It may 
be ail or partly comprised of discrete components. 



Claims 

1. A current detection circuit in combination 
with a current controlling device in a power delivery 
circuit for supplying load current to a load, the 
current controlling device being multicellular, with a 
major current-carrying cellular portion and a minor 
current-carrying cellular portion, a first main current 
terminal for connection to a source of power, a 
gate temninal for receiving a control signal, a sec- 
ond main cun'ent tenminal connecting the major 
current-can'ylng cellular portion, a first auxiliary ter- 
minal connected at one end to the minor cuaent- 
carrying cellular portion so as to . provide a current 
generally proportional to the main device current, 
and a second auxiliary terminal connected at one 
end to the major current-carrying cellular portion, 
and wherein the current^ detection circuit com- 
prises: 

first and second branches each for connection at 
one end to a respective one of said first and said 
second auxiliary terminals and having means for 
connection in common at the other end to a refer- 
ence potential in the power delivery circuit; 



said first branch Including a first series-connected 
semiconductor device; 

said second branch including a second series- 
connected semiconductor device; 
5 said first semiconductor device operating in a tran- 
slmpedance mode and being controlled by a bias 
signal; 

said second semiconductor device being cross- 
connected with said first semiconductor device to 

10 provide the respective said bias signal thereto; 
said first branch further including impedance 
means connected in series circuit therewith for 
providing a voltage approximately proportional to 
the main device current at a node at one end of 

15 said Impedance means; and 

wherein said second semiconductor Is connected 
in said second branch in a manner providing a bias 
signal for controlling said first semiconductor so as 
to result in said voltage at said node being propor- 

20 tional to the main device cunrent within a relatively 
small tolerance range across a relatively broad 
operating range. 

2. The combination of claim 1 wherein said 
power delivery circuit is connectable to a power 

25 supply having a predetenmined nominal voltage; 
said relatively small tolerance range is within about 
±3% of the actual main device current; and 
said relatively broad operating range includes vari- 
ations in the supply voltage of at least ±25% of 

30 said nominal supply voltage, variations between 
100 and 500 In the gains (fi) of said first and 
second semiconductors and variations In tempera- 
ture of ±60* C from an ambient of about 25* C. 

3. The combination of claim 1 or 2 wherein 
36 said first and second senniconductors are first and 

second bipolar transistors respectively and being 
cross-connected by having their bases connected 
in common. 

4. The combination of claim 3 wherein said first 
40 and said second bipolar transistors are PNP tran- 
sistors. 

5. The combination of claim 3 or 4 wherein 
said first and said second bipolar transistors are 
formed of matched silicon. 

45 6. The combination of any of claims 3 to 5 
wherein the base and the collector of said second 
bipolar transistor are shorted to one another. 

7. The combination of any of claims 1 to 6 
wherein said second branch further includes other 

60 impedance means connected in series circuit with 
said second semiconductor. 

8. The combination of any of claims 1 to 7 
further comprising current tum-off means for turn- 
ing off the current controlling device via the gate 

56 terminal when the current detection circuit detects 
load cun-ent in excess of a predetermined level. 

9. The combination of any of claims 1 to 8 
wherein 
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said first brancli includes first and third series- 
connected semiconductor devices; 
said second brancii Inciudes second and fourlli 
series-connected semiconductor devices; 
said first and said fourth semiconductor devices 
operating in a transimpedance mode and eacli 
being controlled by bias signals; and 
said second and said third semiconductor devices 
being cross-connected with said first and said 
fourth semiconductor devices respectively to pro- 
vide the respective said bias signals thereto. 

10. The cun-ent sensing circuit of claim 9 
wherein said first second, third and fourth semi- 
conductor devices comprise first, second, third and 
fourth transistors respectively, said first and said 
second transistors being one of two conductivity 
types and said third and said fourth transistors 
being the other of tiie two conductivity types. 

11. The current sensing circuit of claim 10 
wherein said first, second, third and fourth transis- 
tors are each bipolar transistors. 

12. The current sensing circuit of claim 11 
wherein the first main current terminal of the cur- 
rent controlling device is adapted to be connected 
to one polarity of a source of power having rela- 
tively opposite polarities, the second main current 
terminal of the current controlling device is adapted 
to be connected to one side of a load, the other 
side of the load being adapted to be connected to 
the other polarity of the source of power, and 
wherein both said first and said second transistors 
are PNP transistors and both said third and said 
fourth transistors are NPN transistors. 

13. The cun^ent sensing circuit of claim 12 
wherein said reference potential In the power deliv- 
ery circuit, to which said first and second branches 
of said sensing circuit has said means for connec- 
tion In common, is said other polarity of the source 
of power. 

14. The current sensing circuit of any of claims 

10 to 13 wherein the betas {/3) of sad first and said 
second transistors are substantially identical and 
the betas [fi] of said third and said fourUi ti^nsis- 
tors are substantially identical. 

15. The cunrent sensing circuit of any of claims 

11 to 14 wherein said second and said third tran- 
sistors are each connected in respective shorted 
base-to<:ollector configurations and wherein the 
base of said second transistor Is connected to the . 
base of said first transistor and the base of said 
third transistor is connected to the base of said 
fourtii transistor. 

16. The current sensing circuit of any of claims 
1 to 15 wherein said impedance means in said first 
branch Is a first resistor 

17. The current sensing circuit of any of claims 
7 to 16 wherein said second branch circuit includes 
a respective second resistor in series circuit there- 



witii. 

18. The current sensing circuit of any of claims 
1 to 15 wherein said impedance means in said first 
branch comprises a resistor, said resistor further 

5 being connected in series circuit in said second 
branch whereby said resistor is connected in com- 
mon in said first and said second branches. 

19. The current sensing circuit of any of claims 
12 to 18 wherein said one polarity of a source of 

10 power Is relatively more positive tiian said otiier 
polarity of the source of power such that said 
cun*ent switch is connected in the relatively more 
positive, or high, side of tiie power delivery circuit 
relative to the load. 

IS 20. The current sensing circuit of any of claims 
12 to 19 further including fiftfi and sixtti bipolar 
transistors, said fiftii transistor being of the same 
conductivity type as said first and second transis- 
tors and said sixth transistor being of the same 

20 conductivity type as said third and fourth transis- 
tors, \he emitter-base junction of said fiftii transistor 
being connected between the base and collector of 
said second transistor, tiie emitter-base junction of 
said sixth transistor being connected between \he 

25 base and collector of said third b'ansistor, the col- 
lector of said fifth transistor being adapted to be 
connected to tiie reference potential and tfie collec- 
tor of said sixth transistor being adapted to be 
connected to said first auxiliary terminal of said 

30 current controlling device, whereby to reduce sen- 
srtivity to the betas {0) of the first, second, third 
and fourth ti-ansistors. 

21. The current sensing circuit of any of claims 
12 to 19 furtiier including fifth and sixtii bipolar 

35 transistors, said second and said third transistors 
each connected in respective shorted base-to-col- 
lector configurations, ttie fifth transistor having its 
emitter and collector connected in serial circuit in 
the second branch between said second and said 

40 fourUi transistors, the sixth transistor having its 
emitter and collector connected in serial circuit in 
the first, branch between said first and said tiiird 
ti'ansistors, the bases of said fifth and said sixtii 
transistors being connected to the collectors of said 

45 sixtii and said fifth transistors respectively, whereby 
voltage drops between the emitters and collectors 
of the respective said fiftii and sixth transistors 
serve to limit the voltage drops between the emit- 
ters and collectors of tiie respective said first and 

50 fourtii transistors to tiiereby reduce variations In tiie 
betas (IS) of the first, second, third, and fourtii 
transistors for variations in the voltage across the 
power delivery circuit 

22. A power delivery circuit of the H-bridge 
55 type including: 

a load leg having two end nodes and means to 
connect to a load; 

a power means for connection to a source of 
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electrical power having a predetermined nominal 
voltage for supplying current to ttie load; 
a ground means for providing a path for returning 
load cun-ent to the source of electrical power; 
a first current path for supplying load current 5 
through the load in a first direction comprising a 
first high potential leg connected between the pow- 
er means and a first end node of the load leg, and 
a first low potential leg connected between a sec- 
ond end node of the load leg and the ground w 
means; and 

a second current path for supplying load current 
through the load in a second direction comprising a 
second high potential leg connected between the 
power means and the second end node of the load is 
leg, and a second low potential leg connected 
between the first end node of the load leg and the 
ground means; 

the high and low potential legs each including a 
respective cuaent switch, each said high potential 20 
leg current switch being multicellular with a plural- 
ity of terminals, including a first main current termi- 
nal connected to the power means, a second main 
current terminal connecting a majority of device 
cells to a respective end node of the load leg. a 25 
control terminal for controlling the switching state 
of the switch In response to a control signal, a first 
auxiliary terminal connected to one end of a minor- 
ity of switch cells so as to provide a current gen- 
erally proportional to the main switch current, and a 30 
second auxiliary terminal connected at one end to 
the majority of switch cells; 
the power delivery circuit further comprising first . 
and second current detection circuits responsive to 
electrical conditions in the first and second high 3S 
potential legs, respectively, for detection the cur- 
rent level in either of such legs; 
each current detection circuit comprising a first 
branch connected between the first auxiliary termi- 
nal and the ground means and including In serial 40 
circuit, a resistor providing a voltage at one end 
approximately proportional to the main switch cur- 
rent and a bias signal>controlled first bipolar tran- 
sistor, and a second branch connected between 
the second auxiliary terminal and the ground 45 
means and including in serial circuit, a second 
bipolar transistor, the base of the second transistor 
being shorted to its collector and being connected 
to the base of the first transistor for providing a 
bias signal for the first transistor in the first branch so 
whereby said voltage at said resistor one end is 
proportional to the actual main switch current within 
t3% for variations in the source voltage in a range . 
of at least ±25% of said nominal source voltage 
and variations between 100 and 500 in the gains 55 
ifi) of said first and second transistors. 

23. In an H-bridge power delivery circuit for a 
load, the H-bridge circuit including two upper arms 



adapted to be connected to a positive supply po- 
tential and two lower arms adapted to be con- 
nected to a reference potential, 
a respective cun'ent sensing MOSFET in each up- 
per arm of said H-bridge and a respective switch In 
each lower arm of said H-bridge, each said current 
sensing MOSFET comprising a multi-cellular de- 
vice with a first main current terminal, a gate tenmi- 
nal for receiving a control signal, a second main 
current terminal connecting a majority of device 
cells, a first auxiliary terminal connected at one end 
to a minority of device cells so as to provide a 
current generally proportional to the main device 
current, and a second auxiliary terminal connected 
at one end to the majority of device cells, and an 
improved cun'ent sensing circuit connected to said 
first and said second auxiliary terminals of each of 
said cun'ent sensing MOSFETs and to said refer- 
ence potential for providing an output signal volt- 
age approximately proportional to tiie main device 
current, the current sensing circuit comprising first 
and second branches, the first branch including, in 
serial circuit, first and third bipolar transistors and a 
sense resistor, the first transistor being connected 
to the first auxiliary terminal of the respective cur- 
rent sensing MOSFET and one end of the resistor 
being connected to the reference potential and the 
other end being connected to the third transistor at 
a node, the second branch including, in, serial cir- 
cuit, second and fourtti bipolar transistors, tiie. sec- 
ond transistor being connected to the second auxil- 
iary terminal of the respective current sensing 
MOSFET and the fourth transistor being connected 
to tiie sense resistor at said node, said first and 
said fourth transistors each being controlled by 
respective bias signals provided by cross-connec- 
tion with said second and said third transistors 
respectively, and wherein said output signal voltage 
comprises tiie voltage appearing at said node. 
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